In recent years, a number of physical chemists have suggested that muscular contraction could be understood at the molecular level in terms, essentially, of the equilibrium properties of a macroscopic elastic system of one kind or another.'-8 This line of thought might be said to have reached its logical conclusion in a very recent note by Hill9 (part I), in which it is shown that the sliding-filament model itself, viewed as an equilibrium macroscopic polymeric system, exhibits elasticity and, possesses the very desirable feature of a phase transitions 8 However, the recent paper by Gordon, Huxley, and Julian'0 and the earlier work of Ramsey and Street10 make it quite clear that an equilibrium phase transition cannot be the basic feature in muscular contraction. For it is observed experimentally and unambiguously that in the region of simple actinmyosin overlap, the isometric force that can be generated by the actin-myosin filament system decreases linearly with increasing length (the force is proportional to the extent of overlap). In contrast, an equilibrium phase transition system would show a free energy that increases linearly with length and a constant force. Further comments on a related topic will be contained in the appendix to part IV.11
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A second very convincing point is that a phase transition system would show considerable and random fluctuations9 in the lengths of the sarcomeres of a single myofibril, whereas these lengths are observed experimentally to be very uniform. 10 Thus, although a macroscopic sliding-filament system would show a phase transition as part of its hypothetical equilibrium behavior, this is a property of little concern in the physiological problem of muscular contraction. In active isotonic or isometric contraction, the actin-myosin filament structure seems to be, in essence, a cyclic steady-state system which cannot be analyzed by equilibrium methods.
Outline of the Study.-The general type of mechanism suggested by A. F.
Huxley'2 requires that the myosin cross-bridge experience an improbable fluctuation in configuration in order to be able to exert a significant force after becoming attached to actin. The main purpose of a subsequent paper with G. M.
White (ref. 11, part III) will be to examine this question and suggest that the necessary fluctuations do not imply an impossibly low rate of attachment of myosin to actin. A second significant result, to be emphasized here, is that the free energy (or partition function) of various cross-bridge substates, the force exerted in some of these states, and the interstate rate constants are parameters that are not independent of one another. Self-consistency must be imposed.
The third principal conclusion to be reached is that although the average isometric force exerted by individual cross-bridges at equilibrium is zero, this quantity would, in general, not be zero at steady state. Furthermore, it will be suggested that at a steady state far from equilibrium, the force exerted by the individual cross-bridges should far exceed the macroscopic (phase-transition) force.
In effect, then, this paper and its sequels (III and IV)" will be concerned with a reexamination of some aspects of A. F. Huxley's proposed type of cyclic mechanism.'2 Relatively general considerations will be presented here; numerical examples will be reserved for parts III and IV. For simplicity, following Huxley, we shall assume in these papers that it suffices to consider one crossbridge and one actin site at a time. (This could prove to be a very restrictive assumption.)
The molecular details at a resolution of less than about 25-50 A are not known with any certainty at present, so it will be necessary throughout to discuss exemplary possibilities rather than the "true" mechanism. But many general principles introduced below are independent of the particular mechanism.
Biochemical Cycles. Figure  2 . A cycle we shall consider below, as another example, is indicated by the solid arrows in Figure 1 . In both figures, dashed lines show other possible transitions, which are assumed to be relatively unimportant. However, there is no difficulty, in principle, in including every transition explicitly with its corresponding rate constant (forward and backward).
A myosin cross-bridge (M) contributes to the force on the actin site (A) only while M and A are combined (top three states in each figure) .
In isometric contraction, for a given position of the actin site relative to the origin of the myosin cross-bridge, the steady-state population of each state in Figure 1 or Figure 2 and the steady-state flux between any two states may be expressed in terms of the rate constants by means of a diagram method.'3 Then to obtain gross properties, an average must be taken of the different relative actin-site positions. The isotonic contraction case is rather more complicated because the actin site is moving relative to the cross-bridge (ref. 11, part IV; ref. 12). Only the isometric case will be considered in the present paper.
A. F. Huxley12 assumed implicitly, in the solid cycle of Figure 2 , that the two steps labeled with rate constants f and g are rate-determining (i.e., relatively slow). The corresponding steps (i.e., attachment and detachment of M and A) are similarly labeled in Figure 1 . The formal treatment of these two cases is the same.
Qualitatively, in using the solid cycle in Figure 1 , we are assuming (a) that M does not bind readily to A unless T is previously bound, and (b) that M does not act as an enzyme for T --D until combined with A. Incidentally, in rigor (absence of T), the step M i-* MA would become significant as an alternate pathway.
It should be noted that the use of the cyclic sequences in Figures 1-3 implies that even under nonequilibrium conditions (time-dependent or steady-state), no further subdivision of states or rate constants is necessary in order to be able to describe the kinetic behavior of the system. That is, each state is assumed to be in "internal equilibrium" even though the different states are not in equilibrium with each other. This, in turn, implies that "internal" processes are fast compared to those shown in the figures. If for a given set of states we do not in fact have internal equilibrium (see ref. 11, part III), then the rate "constants" cannot be strictly constant.
Mean Isometric Force.-General considerations: Our object in this section is to use the cycle shown in Figure 3 to illustrate the principles involved in calculating the mean steady-state isometric force F contributed by a single myosin cross-bridge. Simple special cases will be considered in part IV of this series." Following A. F. Huxley,'2 we use the variable x to locate the position of the actin site A (Fig. 4) relative to a convenient origin on the myosin filament. The myosin may be considered fixed. The force is reckoned as positive in the direction indicated by the arrow in the figure. This would be the direction of motion of the actin filament relative to myosin in isotonic contraction. Force is exerted only when the cross-bridge M is attached to A; M spends only a fraction of its time so attached. F is the mean value of F(x) averaged over an appropriate range (the distance between neighboring actin sites) of possible positions of A relative to the origin x = 0. Although Figure 4 , as drawn, implies that the dominant effect is a pull on A at positive values of x, it could just as well be a push at negative values of x. The fact that heavy meromyosin "arrowheads" on actin are observed to point away from the Z-line (which is to the right in Fig. 4 ) suggests a push, of course. However, no commitment one way or the other is needed here. Also, it is not necessary in this paper14 to speculate on the possible molecular origins of this force (e.g., helix-random coil extension or compression of the cross-bridge, other kinds of configurational change in the cross-bridge, bending of the angle of attachment of the cross-bridge at either its myosin end or its actin end, distortion of ATP in the TMA state, etc.). Because of detailed balance between neighboring states at equilibrium, the rate constants are related to equilibrium partition functions. We therefore start with a digression on the equilibrium situation and return later to the steady-state case of primary interest.
For simplicity of notation, we shall treat the T ± D reaction as if it were isomeric. For example, at equilibrium, we shall write XT = XD (X = eM/T = absolute activity). Actually, XD includes a constant factor Xp, and partition functions for D-states include a factor qp (P = inorganic phosphate).
We denote the partition functions of the five states in Figure 3 by QM, QTM, QTMA(X), QDMA(X), and QDM. At equilibrium, with XT = XD = X, the relative probabilities'5 of the five states are QM, QTMX, QTMA(X)X, QDMA(X)X, and QDMX.
Thus, for example, the equilibrium probability of state Al is
where 61, 1968 QTMA(X) refers to a cross-bridge with T bound, which is itself attached to an actin site at x and is presumably held to the site by electrostatic, hydrogenbond, or van der Waals' forces, or a combination of these. Because of the attachment at x, only those configurations of TM that are consistent with the given value of x are included in QTMA(X). These configurations comprise a subclass of the states available to TM. This feature by itself would make QTMA(X) < QTM. On the other hand, TMA is stabilized relative to TM by the M-A bond energy (or free energy).
TM can attach to A at x to form TMA only when TM has fluctuated (under zero force) into the subclass of states consistent with x. The rather crucial kinetic problem implied here will be examined in part III of this series. The state of the T molecule in TMA may be quite different than in TM.
Rather analogous remarks could be made about QDM and QDMA(X).
It is reasonable to expect (in order for the proposed mechanism to work well) Under biological steady-state conditions, the concentration of T could be as much as 107 or 10 times its equilibrium concentration.'7 This might well effectively saturate the myosin site with T. The order of relative steadystate probabilities would then be quite different than in (3) (see below).
When the cross-bridge is in the state TMA (x) at equilibrium, the force exerted on the actin filament (positive in the direction shown in Fig. 4 ) is FTMA (X) = -kT QTMA(X) = ATMA(X) () where ATMA is the corresponding Helmholtz free energy. This force may be positive or negative, depending on the value of x. There is, of course, a similar expression for FDMA(x). No force is exerted on the actin filament in the other states (M, TM, DM) because the corresponding Q's are independent of x. For a given value of x, the statistically averaged force (over the five states)18 iS then
For extreme values of x, the F's on the right-hand side of equation (5) will become large, but the p's will approach zero even more rapidly. Hence, F(x) 0. For example, suppose that ATMA(X) = Ao + '/2y(x -Xo)F2= 
Equations (6) and (7) are practically thermodynamic in nature; no particular assumption about the cross-bridge configuration problem need be made.
Next, we note that -kT In &(x) is the potential of the average force F(x).
That is, from equations (2) and (5),
This has the following important consequence. Since every position x for the actin site is equally likely, F, the mean value of F(x), averaged over x, is proportional to fF(x) dx, where the integral is taken over the entire range of values of x, say xi < x < x2, in which F(x) is nonzero. This integral is also a "work."
But since
and hence 2) = (X) = QM + (QTM + QDM)X, we have r2 £:F(x) dx = -kT[ln t (x2) -in (xi)] = 0.
(10) Therefore F = 0: the positive and negative contributions to F cancel at equilibrium. Formally, this is a consequence of the existence of a potential function (with the same value at x = 4 co ).
Thus, the cross-bridges, acting individually, would make no net contribution to the (equilibrium) thermodynamic force in a macroscopic system of actin and myosin filaments. This is what one might have expected intuitively since there is no way at equilibrium to get a "handle" or control (inside the system) on the individual cross-bridges that would induce them to pull or push, on the average, one way or the other.
The conventional thermodynamic force may, of course, be controlled by means of an equal and opposite external force applied at a boundary of the macroscopic system. This nonzero thermodynamic force is a macroscopic (phase transition) property of the whole system. In fact, this force would be (for the present model), per myosin filament, from equation (12) of reference 9, 19 Fa/kT = In jo -linj = in t -ln(QM + QTMX + QDMX), (11) where a is the distance along a myosin filament per cross-bridge (about 71 A) VOL. 61) 1968 and In t is an unweighted average over x (range of integration equals distance between actin sites).
As we shall see, at steady state, the individual cross-bridges can generate a nonzero average force, F. The "handle" in this case is the drive of the farfrom-equilibrium T D reaction operating through rate constants with suitably asymmetric x dependences.20 Furthermore, the steady-state force generated per cross-bridge, far from equilibrium, may well be (see below) of the same order of magnitude as F in equation (11), which is a force per myosin filament (there are approximately 110 cross-bridges per one-half sarcomere per filament). Thus, the steady-state analogue of the macroscopic force F in equation (11) could be negligible, as seems to be the case experimentally.'0 A numerical check: In view of the size of a cross-bridge and of the magnitude of the MA bond energy (6 kcal per mole maximum?), the right-hand side of equation (11) is probably of order 10. Then it is easily calculated that the force per cm2 from this equation is too small (compared with experiment) by a factor of order 40. To summarize: at equilibrium, those cross-bridges that are in the myosinactin overlap region make a direct (additive) contribution to the appropriate free energy but not to the force. The effect on the force comes about indirectly through a change in the number of "overlapping" cross-bridges with a change in the length of the system. In effect, in a contraction of length a, only the one cross-bridge per myosin filament, which newly overlaps with actin (see equation (11)), contributes to the work and force. On the other hand, at steady state, all overlapping cross-bridges are directly involved in the force (though there will, of course, still be some positive-negative cancellation in F from different x values).
Next, we write the relations between the rate constants in Figure 3 imposed by the statistical-mechanical Q's already introduced. These relations follow from a consideration of detailed balance at equilibrium, but they apply as well under nonequilibrium conditions (recall the discussion of "internal equilibrium" above): aT = QTM AT XT/QM, aLD = QDM AD XD/QM (12) f(x) = QTMA(X)f'(X)/QTM, 9'(X) = QDMA(X)9(X)/QDM (13)
(14) Thus, for example, if some assumption is made about f'(x) (e.g., f' = constant) and the function QTMA(X)/QTM is based on some macromolecular model," then no arbitrariness is left in the assignment of f(x).
Furthermore, even under nonequilibrium conditions (because of the "internal equilibrium" assumption), the forces FTMA(x) and FDMA(x) are still related to QTMA(X) and QDMA(X) as in equation (4) . Thus, the Q's completely determine the forces associated with the different states and partially determine the rate constants.
Because there is only one cycle in Figure 3 , it is a very simple matter, by using the diagram method,'3 to obtain explicit expressions for the steady-state prob--PR-oc. N. A. S. abilities (and for the flux) as functions of the rate constants. We shall omit these equations, but we will examine special cases in part IV of this series. In terms of these steady-state probabilities, the steady-state force at x is F(x) = PTMA(X) FTMA(X) + PDMA(X) FDMA(X). (15) The essential difference between this equation and equation (5) is that, in general, even after advantage is taken of equations (13) and (14), the x-dependent quantities appearing in the p's in equation (15) include not only QTMA(X) and QDMA(x) but also one or more x-dependent rate constants. Thus, in general, we must expect that F(x) does not have a potential analogous to -kT In t and that FP 0.
As to the magnitude of the steady-state F from equation (15): complete cancellation gives F = 0 at equilibrium, and we must therefore expect almost complete cancellation near equilibrium; but far from equilibrium, which is the case of biological interest (XT>> XD), F (per cross-bridge) should be, according to equation (4), of roughly the same magnitude as F (per myosin filament) in equation (11). Two numerical examples will be included in part IV.
